Abstract HIV-infected individuals with severe immune suppression are more likely to develop HIV-associated neurocognitive disorders than those with preserved immune function. While partial immune reconstitution occurs in those with severe immune suppression after starting combined antiretroviral therapy, it is not established whether improvement in immune function reverses or prevents injury to the central nervous system (CNS). To address this question, 50 participants (nadir CD4 counts ≤200 cells/mm 3 , on a stable antiretroviral regimen for at least 12 consecutive weeks prior to study) and 13 HIV negative participants underwent a comprehensive neurological evaluation followed by diffusion tensor imaging (DTI). Eighty-four percent of the 50 HIV participants were neurologically asymptomatic (HIVNA) and 16 % had mild cognitive impairment (HIVCI). Tractbased spatial statistics (TBSS) on DTI data revealed that mean diffusivity (MD) increased significantly in the posterior aspect of both hemispheres in HIVNA compared to controls. In HIVCI, compared to controls and HIVNA, increased MD extended to prefrontal areas. Fractional anisotropy decreased only in HIVCI, compared to either controls or HIVNA. Furthermore, DTI showed significant correlations to duration of HIV infection and significant associations with multiple cognitive domains. This study highlights that in partial immune reconstitution, injury to the CNS is present even in those that are neurologically asymptomatic and there are discrete spatial patterns of white matter injury in HIVNA subjects compared to HIVCI subjects. Our results also show that quantitative analysis of DTI using TBSS is a sensitive approach to evaluate HIV-associated white matter disease and thus valuable in monitoring central nervous system injury.
Introduction
The introduction of combination antiretroviral therapy (cART) in the mid-1990s has dramatically increased the life expectancy of HIV-infected individuals. The Department of Health and Human Services Panel on Antiretroviral Guidelines for Adults and Adolescents recommends starting antiretroviral therapy for HIV infection if the lymphocyte CD4+ T-cell count is ≤500 cells/mm 3 (http://www.aidsinfo. nih.gov/ContentFiles/AdultandAdolescentGL.pdf). The recommendation is based on studies suggesting better outcomes in morbidity and mortality associated with HIV infection. However, the increased survival may be unmasking an increase in HIV-associated neurocognitive disorders (HAND) (Antinori et al. 2007 ) which affect nearly 50 % of HIV-infected individuals although about 70 % of individuals with HAND do not appear to have a measurable functional deficit (Heaton et al. 2010) . The persistence of cognitive impairment may be in part due to acquired cognitive deficits at the time of significant immune suppression that is not reversible with the improvement of immune function.
Early studies in advanced HIV disease have shown pathological changes in both gray and white matter (Navia et al. 1986; Budka et al. 1991; Masliah et al. 2000) and that the most likely driver of the central nervous system (CNS) injury is the inflammatory host response to HIV infection (Budka et al. 1987; Tyor et al. 1992) . In this regard, increased levels of pro-inflammatory cytokines are more likely to be found in the brain of patients with pre-mortem diagnosis of HIV-associated dementia (Wesselingh et al. 1993) . While the degree of CNS inflammation is greatly reduced in patients with good virological control (Clifford et al. 2002; McArthur et al. 2004) , it is not known to what extent immune reconstitution in subjects with previously documented severe immune suppression is associated with "normalization" of CNS injury. Recent studies have shown the persistence of altered brain metabolites and decreased gray and white matter volume in patients with partial immune reconstitution (Cohen et al. 2010a, b; Harezlak et al. 2011; Tate et al. 2011) .
White matter (WM) injury is an integral part of HIVassociated neuropathology (Navia et al. 1986; Budka et al. 1991; Masliah et al. 2000) that can lead to diminishing myelin sheath thickness (Wohlschlaeger et al. 2009 ) and to frank myelin loss (Bell 1998) . Diffusion tensor imaging (DTI) is especially sensitive to differences in WM microstructure. Quantitative information derived from the tensor, for example the extent of diffusion as described by mean diffusivity (MD) and directional dependency of diffusion expressed by fractional anisotropy (FA), can be used to infer non-invasively underlying WM microstructures and anatomical architectures as well as alternations of WM integrity due to pathological conditions. Previous DTI studies based on region-of-interest (ROI) analyses have reported significant changes in the corpus callosum (Filippi et al. 2001; Thurnher et al. 2005; Wu et al. 2006; Chang et al. 2008) , frontal WM (Pomara et al. 2001; Cloak et al. 2004; Wu et al. 2006; Chang et al. 2008) , internal capsule (Pomara et al. 2001) , and basal ganglia (Ragin et al. 2005; Chang et al. 2008) . Other approaches that also include DTI fiber tracking and are often referred to as tract of interest (TOI) have similarly shown changes in callosal association and projection of fiber bundles (Pfefferbaum et al. 2009; Tate et al. 2010) .
Effective use of ROI and TOI to detect significant changes in the brain relies on the correct selection of these regions. Furthermore, it limits the longitudinal analyses to the same regions while the disease process may be spreading to other areas. Traditional whole-brain voxel-based methods have no regional limitation and better efficiency and reproducibility. However, these methods suffer from lower sensitivity than the ROI approach due to the need for inter-subject registration, the randomness in selection of image smoothing level, increased type I errors (false positives) due to imperfect registration, and reduced statistical power from multiple-comparison corrections (Smith et al. 2006) . Tract-based spatial statistics (TBSS, Smith et al. 2006) aims at addressing the limitations of both ROI-based and voxel-based approaches. By generating a whole-brain WM skeleton that represents the center of WM fiber bundles common to all subjects investigated, TBSS not only achieves a more accurate inter-subject spatial alignment but also retains the objectivity of a typical voxelwise analysis and subsequently its explorative power within the whole brain white matter. Therefore, it is potentially more sensitive to diffuse brain WM abnormality as it occurs in HIV-associated CNS injury.
So far, most DTI studies of HAND have focused on showing whether there are differences in brain white matter between HIV-infected individuals and normal controls. However, no careful evaluation has been conducted on the impact of partial immune reconstitution on CNS microstructure. Specifically, is there permanent CNS injury in individuals with previously documented severe immune suppression (typically nadir lymphocytic CD4 cell counts ≤100 cells/mm 3 ) when their CD4 count improves significantly under cART treatment? Are some brain areas more vulnerable than others based on objective evidence from imaging? What is the relationship between the spatial distribution of WM injury and cognitive performance?
In light of the above issues, we investigated the effect of partial immune reconstitution on microstructural damages of white matter, as measured by diffusion tensor-derived parameters, in HIV-infected subjects with and without cognitive impairment. Using three groups that included healthy controls and HIV-infected participants with and without mild cognitive impairment, we examined three hypotheses with TBSS analysis of diffusion tensor-derived parameters.
First, we hypothesized that there would be diffuse WM injuries (measured by decreased FA and increased MD) in HIV-infected individuals even on a stable antiretroviral regimen and without cognitive impairment. Using group comparisons of tensor-derived parameters with TBSS analysis, we expected both extended spatial distribution and increased severity of WM injuries in cognitively impaired individuals.
Further, we hypothesized that DTI parameters could provide objective measures and anatomical information that could distinguish the cognitive asymptomatic stage from the cognitive impaired stage.
Finally, we hypothesized that changes of WM integrity revealed by DTI data would have clinical and cognitive relevance. Here, we hypothesized that the relationship with clinical variables such as duration of HIV infection would not be restricted to specific WM regions reflecting diffuse WM injury in the CNS. By contrast, we expected more specificity between changes in white matter structures, as measured by DTI, and different cognitive domains.
Materials and methods

Participants
Fifty HIV-infected individuals (HIV+) and 13 age-matched normal controls were enrolled at the University of Rochester (Rochester, NY, USA), a participating site of the HIV Neuroimaging Consortium (Harezlak et al. 2011) . The study was approved by the local institutional review board and participants were enrolled after informed consent was obtained. Inclusion criteria consisted of nadir CD4 counts ≤100 cells/mm 3 (later modified to ≤200 cells/mm 3 ); stable antiretroviral regimen for at least 12 consecutive weeks prior to study screening; hemoglobin ≥9.0 g/dL; serum creatine ≤3× ULN, AST (SGOT), ALT (SGPT), and alkaline phosphatase ≤3× ULN; negative serum or urine pregnancy test; and age ≥18 years.
Patients were excluded if they were actively abusing drug and alcohol within 6 months of study entry and had history of severe premorbid or comorbid psychiatric disorders, confounding previous or concurrent neurologic disorder unrelated to HIV infection, such as stroke, head trauma resulting in loss of consciousness >30 min, multiple sclerosis, history of brain infection (except for HIV-1), and brain neoplasm. Control subjects were evaluated in a similar manner and excluded if they had cognitive impairment or any of the confounding risk factors listed above for the HIV-infected group.
Patients underwent a comprehensive neurological and neuropsychological evaluation recommended by the updated research nosology for HIV-associated neurocognitive disorders (Antinori et al. 2007 ). The neuropsychological tests investigated seven cognitive domains: Speed of Information Processing, Verbal Fluency, Working Memory, Verbal Memory, Learning, Executive Function, and Motor Speed. The raw test scores of each cognitive domain were converted to deficit scores using established normative data. Summary Z-scores were then calculated for the correlation analysis between cognitive test scores and DTI-derived parameters. In addition, the neurological and neuropsychological evaluation was used to classify HIV-infected individuals according to the AIDS Dementia Complex (ADC) staging. An ADC of 0 or 0.5 identifies patients that are neurologically and functionally asymptomatic (HIVNA, n042) while an ADC ≥1.0 reflects the presence of both cognitive and functional impairment (HIVCI, n08). These patients would usually fall within the HIV-associated mild neurocognitive disorder using the HIV-associated neurocognitive disorders classification (Antinori et al. 2007) .
Laboratory assessments included standard hematology and chemistry profile as well as CD4 count and plasma viral load. Duration of HIV infection was considered as the time from initial HIV infection diagnosis.
DTI scan protocol DTI scans were performed on a GE 1.5 T scanner (General Electric, Milwaukee, WI, USA; HDX with 14M software) using a single-shot EPI sequence with twice-refocused spin echoes. The scanning parameters for DTI acquisitions were TR/TE 07,000/75 ms, slice thickness05 mm with no gap, data matrix 0128×128, FOV0256×256 mm, and Array Spatial Sensitivity Encoding Technique factor 02; diffusion weighted images were acquired along 21 non-collinear and non-coplanar directions with b01,000 s/mm 2 and one b0 0 s/mm 2 image.
DTI image pre-processing
A custom software tool based on Matlab (The Mathworks, Natick, MA, USA), R language (R Foundation for Statistical Computing, http://www.R-project.org), C++, and various functions in the FSL package (FMRIB Analysis Group, Oxford University, Oxford, UK; Smith et al. 2004 ) was used for image processing and statistical analysis. For each participant, three processing steps were performed on DTI. First, artifacts due to eddy current and subject's movement were simultaneously removed using the EddyCorrect tool of FSL. Second, tensor-derived parametric maps, FA, MD, axial diffusivity (AD), and radial diffusivity (RD) were estimated using the DTIFIT tool. Lastly, FA maps were fed into the TBSS tool to generate the white matter skeleton. Corresponding skeletonized maps for MD, AD, and RD were similarly generated. Voxelwise statistical analyses of DTI data, including voxelwise crosssubject comparisons and correlation analyses, were further performed within the skeleton.
Spatial classifications of DTI changes using DTI atlases Two DTI atlases included in the FSL package, the John Hopkins University ICBM-DTI-81 White Matter Atlas (referred as the WM Atlas henceforth) and the White Matter Tractography Atlas (referred as the Tract Atlas henceforth), were chosen as templates for identification of major WM structures/fiber pathways. The WM Atlas (Mori et al. 2005) includes 50 major WM structures with bilateral parts of the same structure labeled separately. There are 20 major WM fiber tracts in the Tract Atlas. In this study, the nomenclature and names for each WM structure/pathways in the atlases follow those used by Mori et al. 2005 . The information of WM structures/pathways from the two atlases is complementary thus providing comprehensive identification of major WM regions and fiber pathways.
Voxelwise group comparisons of DTI parameters using TBSS analysis For each tensor-derived parameters (FA, MD, AD, and RD), three group comparisons were performed, HIVNA vs. controls, HIVCI vs. controls, and HIVCI vs. HIVNA. Group differences in the tensor-derived parameters were detected by permutation tests using the Randomize toolbox in FSL. Correction for multiple comparisons was performed using the threshold-free cluster enhancement (TFCE) approach in FSL (Smith and Nichols 2009 ) to achieve significance level at p <0.05.
Anatomical regions in the skeleton showing significant group differences in the tensor-derived parameters were then identified and labeled according to structures defined in the WM Atlas. To quantify the scale of WM abnormality (in terms of both spatial extension and severity) associated with HIV infection, a quantitative measure, the percentage of skeleton abnormality (Skeleton_Abnorm%), was calculated for each structure defined in the WM Atlas, using a two-step approach. First, each voxel in skeleton was labeled and assigned to the corresponding structure within the WM atlas to form a skeletonized atlas. The total number of voxels that belong to the same structure was calculated as Vox_Sum i (i represents 50 WM structures defined in the WM Atlas, i01,2,…,50). Second, for each structure within the skeleton, the total number of voxels in which significant voxelwise group differences of DTI parameters were detected by TBSS analyses was calculated as Abnorm_Vox_Sum i . The percentage of skeleton abnormality value for a WM structure within the WM atlas was then calculated as
where i ¼ 1;2; . . . ; 50:
ð1Þ Classification of HIVCI, HIVNA, and normal individuals using DTI parameters
In order to assess this aim, binary logistic regression analyses were applied to WM structures with significant group differences in DTI measures to further select WM structures with highest sensitivity, specificity, and accuracy that differentiated the groups. Diagnostic group based on the ADC score (HIVCI, HIVNA, and Control) was considered as the dependent variable and mean tensor-derived parameters were selected as the independent predictor variables. Classification power of tensor-derived parameters from each WM region was assessed by the value of the area under the receiver operating characteristic curve (AUC). A threshold value of 0.85 for AUC was selected as the criterion for achieving a good discrimination power.
Voxelwise correlation between DTI parameters and clinical variables for HIV+ patients
We expected that WM injury would be diffuse in HIVinfected individuals and the relationship with clinical variables, such as duration of HIV infection, would also not be restricted to specific WM regions. In order to assess clinical relevance of DTI data, voxelwise correlation analyses were performed between tensor-derived parameters and five clinical variables, nadir CD4+ T-cell count, current CD4+ T-cell count, plasma HIV RNA concentration and duration of HIV infection, and CNS penetration-effectiveness (CPE) score (Letendre et al. 2008) , for all HIV-infected participants using the Randomise toolbox in FSL. Multiple comparisons correction was performed using the TFCE approach to achieve a significance level at p <0.05.
ROI-based association analysis between DTI parameters and cognitive performance for HIV+ patients
There are specific structural/functional connections between white matter and gray matter structures that subserve different cognitive domains. To assess cognitive relevance of DTI data, correlation analyses between deficits in neurocognitive performance and FA/MD of HIV+ patients (both HIVCI and HIVNA) were performed for each WM structure where significant changes in FA/MD were observed in the comparisons of HIVNA and HIVCI groups in the TBSS analysis. A Spearman rank correlation analysis was first conducted between each deficit score of the seven cognitive domains and the mean values of FA/MD within the structure. Furthermore, multilinear regression analyses with model selection were conducted to detect the multilinear association between deficit scores (as independent predictors) and mean values of FA/MD (as dependent outcomes). The model selection was conducted by using the stepwise forward procedure. The p value for the entrance and exit tolerance of a performance score in model selection was set to be 0.05 and 0.1 separately.
Results
Eighty-four percent (42/50) of the randomly enrolled HIVinfected subjects with a nadir CD4 count ≤200 cells/mm 3 (35/ 42 with nadir CD4 count ≤100 cells/mm 3 ) were neurologically asymptomatic and 16 % (7/8 with nadir CD4 count ≤100 cells/mm 3 ) had cognitive impairment (Table 1) . Forty-five of the 50 subjects had documented cART history with 34 HIVNA and seven HIVCI on cART at the time of the evaluation. There is no significant group difference in terms of the percentage of subjects underwent cART (p 00.68 from Wilcoxon rank-sum test). A current CD4 count over 200 was achieved by 88 % of HIVNA and by 50 % of HIVCI. Overall, patients with cognitive impairment were more likely to have both a lower nadir and current CD4 count. HIV RNA was detectable in 9/42 (22.4 %) of HIVNA and 3/8 (37.5 %) of HIVCI patients; however, only four HIVNA patients, and one HIVCI patient, had plasma HIV RNA above 10,000 copies/ml. No significant differences in age (p HIVNA vs. control 0 0.99, p HIVCI vs. control 00.25, p HIVCI vs. HIVNA 00.32) were detected among groups. There was a significant gender difference among groups with all three p values smaller than 0.01 (Wilcoxon rank-sum test). Given the relatively small sample size in this study, both age and gender effects were adjusted by including them as covariates in TBSS analyses.
White matter abnormalities in HIV+ patients
TBSS analysis shows significant differences in DTI parameters of HIV-infected individuals compared to HIV-negative controls. These differences are more evident in the HIVCI group as shown in Table 2 and Fig. 1 .
When comparing the HIVNA group (ADC 0 and 0.5) with controls, significantly increased MD values are observed only within WM structures that are either primarily localized in the posterior area of the frontal lobe, the temporal lobe, and the parietal lobe or contain fiber pathways mainly associated or connected to the posterior areas of the frontal lobe and the parietal lobe (Table 2 , top half). These regions include the body and splenium of corpus callosum (containing the posterior frontal and parietal section of callosal fibers, such as the forceps major), the bilateral superior and posterior corona radiata (containing sections of both cortico-efferent and cortico-afferent projection fibers superior to the internal capsule), the posterior thalamic radiation (containing the parietal and occipital section of the corticoafferent projection fibers, such as the optical tracts and the parietal thalamocortical fibers), the bilateral sagittal stratum (containing association fibers, such as the inferior longitudinal fasciculus and the inferior fronto-occipital fasciculus), and the bilateral superior longitudinal fasciculus. In contrast, there were no significant FA differences between the HIVNA and the control group.
With clinically manifested CNS injury (ADC≥1), both spatial extension (measured as the total number of WM structures with significant DTI changes) and severity (measured as the percentage of skeleton abnormality within each WM structure) of WM abnormality are increased. More skeleton voxels with significant abnormality in MD are seen within these abovementioned WM structures (indicated by increased values of Skeleton_Abnorm% in Table 2 ). Abnormality in MD within the posterior frontal, temporal, and parietal lobes have also spread to more WM structures, including bilateral parts of the posterior limb of internal capsule, the external capsule, and the superior frontooccipital fasciculus. More interestingly, significantly increased MD values were observed exclusively in HIVCI subjects in several WM structures within the prefrontal lobes ( Fig. 1 and the bottom half of Table 2 ), including the genu of the corpus callosum (containing the forceps minor), bilateral parts of the anterior limb of internal capsule, the cingulum, and the anterior corona radiata (containing thalamocortical fibers that connect the anterior and medial nuclei of the thalamus to the prefrontal cortex).
While MD changes were present throughout the spectrum of the disease, FA changes became significant only in cognitively impaired patients in WM structures that contain fiber pathways mainly associated or connected to the prefrontal cortex. These structures include the genu of the corpus callosum, the bilateral anterior corona radiate, and the bilateral section of the cingulum around the cingulate gyrus.
Increases in AD and RD values are also present throughout the course of the HIV infection (Fig. 2 ). An elevated RD value was observed in most skeleton locations that exhibited significantly increased MD values within either HIVNA or HIVCI groups. In contrast, increase in AD was less prevalent in terms of both spatial extension and severity ( Fig. 2 and Table 2 ).
Classification of HIVCI, HIVNA, and normal individuals based on TBSS Both MD and RD values of four WM structures within the temporal and parietal lobes are sensitive discriminators between normal and HIVNA participants (Table 3) . These regions include the splenium of corpus callosum, the bilateral posterior thalamic radiation, and the left superior longitudinal fasciculus. Among these structures, the overall classification accuracy using MD is 85.5± 9.75 % (with a sensitivity value of 82.5±8.58 % and a specificity value of 84.8±6.13 %) and the overall classification accuracy using RD is 80.8 ± 4.27 % (with a sensitivity value of 79.0±7.39 % and a specificity value of 86.5±7.14 %). Abbreviations (the same abbreviations are used for all tables and figures in the following): L left hemisphere, R right hemisphere, BCC body of the corpus callosum, GCC genu of the corpus callosum, SCC splenium of the corpus callosum, ALIC anterior limb of the internal capsule, PLIC posterior limb of the internal capsule, RIC retrolenticular part of the internal capsule, EC external capsule, ACR anterior corona radiate, SCR superior corona radiate, PCR posterior corona radiate, CIN-CG cingulum at the cingulate gyrus, CIN-HP cingulum at the hippocampus, PTR posterior thalamic radiation, ILF inferior longitudinal fasciculus, IFOF inferior fronto-occipital fasciculus, SLF superior longitudinal fasciculus, SFOF superior fronto-occipital fasciculus, UNC uncinate fasciculus MD in the body of corpus callosum, the bilateral section of the cingulum in the cingulate gyrus, the bilateral anterior and posterior limb of the internal capsule, and the bilateral external capsules show consistent discriminating power in the classification of HIVNA and HIVCI patients (Table 4) . The average classification accuracy using MD information is 84.9±6.09 % (with a sensitivity value of 89.1±13.0 % and a specificity value of 84.1±8.68 %). In addition, the FA value in the body of the corpus callosum discriminates HIVNA from HIVCI individuals with a classification accuracy of 82.0 %, a sensitivity value of 88.0 %, and a specificity value of 81.0 %.
Voxelwise correlation between DTI parameters and clinical variables for HIV+ patients
Among five common clinical variables, only duration of HIV infection had significant correlations with DTI parameters as shown in Fig. 3 and Table 5 .
Regions where both FA and MD show significant correlations include the corpus callosum (including callosal fiber pathways and the section of the cingulum pathways near the cingulate gyrus), bilateral anterior coronal radiata (involving the forceps minor, the prefrontal section of the superior longitudinal fasciculus, and the prefrontal section of the anterior thalamic radiation that connects the anterior and medial nuclei of the thalamus to the prefrontal cortex), bilateral superior corona radiata (involving the corticofugal pathways, such as the corticospinal tracts, and the posterior frontal section of the anterior thalamic radiation) and bilateral posterior corona radiata (involving the inferior frontooccipital fasciculus and the inferior longitudinal fasciculus pathways within the temporal lobe). Additional clusters with significant correlations only between MD and disease duration include bilateral posterior thalamic radiation (involving the section of the inferior fronto-occipital fasciculus and the inferior longitudinal fasciculus pathways within the occipital lobe) and the left external capsule (involving both the Fig. 1 Voxelwise group comparisons using TBSS analysis revealed WM structures with significantly decreased FA (red clusters in third to fifth column) and increased MD (blue clusters in sixth to eighth column) between controls and HIV-infected subjects. The ICBM-DTI-81 White Matter Atlas from the Johns Hopkins University (JHU WM Atlas) is superimposed on the MNI152 template for reference of white matter structures (second column). Each WM structures defined in the Atlas were labeled and the abbreviations used are the same as those defined in Table 2 . The Talairach Lobe Template from Talairach Daemon (Lancaster et al. 2000) was also displayed to identify spatial distribution of the DTI abnormality within the white matter structure (first column). Significant voxels within the skeleton are expended using the tbss_fill function of FSL package for better illustration. The same visualization approach is also applied in Figs. 2 and 3 uncinate fasciculus and the inferior fronto-occipital fasciculus within the inferior and dorsal frontal lobe).
ROI-based association analysis between DTI parameters and cognitive performance of HIV+ patients
The Spearman correlation analysis indicated that two cognitive domains, Speed of Information Processing and Verbal Fluency, were significantly correlated with FA/MD. These results were further confirmed in a multilinear regression analysis with model selection (Table 6 ). Reduced scores in these domains (i.e., increased deficit scores) were significantly associated with either reduced FA or elevated MD across multiple WM structures, including the body and splenium of the corpus callosum, the anterior limb of the internal capsule (left), the anterior (left), superior (left), and posterior corona radiata (bilateral), the posterior thalamic radiation (left), the external capsule (bilateral), the superior longitudinal fasciculus (left), and the superior fronto-occipital fasciculus (bilateral).
It is worth noting that these associations tended to be lateralizing to the left hemisphere for Verbal Fluency and included areas such as the left superior longitudinal Fig. 2 Voxelwise group comparisons using TBSS analysis as in Fig. 1 but restricted to significantly increased AD (blue clusters in third to fifth column) and increased RD (blue clusters in sixth to eighth column) For most regions in which significant correlation between MD and clinical/cognitive scores were observed, there were also significant positive correlations with RD. No significant correlation between AD and any clinical/cognitive variables was detected.
Discussion
The results of this study highlight that, in the context of immune reconstitution, there is evidence of diffuse white matter abnormalities in HIV-infected individuals, even in those who are neurologically asymptomatic. Given that this was a cross-sectional evaluation, it is possible that white matter lesions occurred at the time of the most severe immune suppression when the host inflammatory response and HIV viral toxicity were at their peak. Therefore, it is possible that what we have observed is a legacy effect, a sign of static WM damage. On the other hand, the correlation that we found with the duration of HIV infection suggests that the process is dynamic and potentially progressive. In this regard, a recent longitudinal morphometric study also suggests progression of CNS injury (Tate et al. 2011 ).
This study not only confirms but also extends previous DTI finding from ROI and TOI studies in HIV-infected individuals. The pattern of WM involvement does not appear random. Specifically, prior to significant cognitive impairment, WM structures involved are either primarily localized in the posterior aspect of the frontal lobes, the temporal lobes, and the parietal lobes or contain fiber pathways mainly associated or connected to posterior areas of the frontal and parietal lobes. In fact, using either MD or RD parameters in regions that include the splenium of the corpus callosum, the posterior thalamic radiation, and the superior longitudinal fasciculus, we can correctly classify HIVNA and controls with an overall accuracy above 80 %. The posterior spatial distribution of white matter abnormalities in HIV-infected, cognitively asymptomatic individuals revealed in this study is in part consistent with a previous morphometric postmortem study of the corpus callosum in HIV-infected, non-demented individuals (Wohlschlaeger et al. 2009 ).
The transition to cognitive impairment is associated with not only an extension of WM abnormalities, now involving even more rostral aspect of the frontal lobes as well as deeper WM structures, but also with a quantitative increase in the burden of WM injuries compared to HIVNA. In this regard, tensor-derived parameters (especially MD and RD) in the body of corpus callosum, the anterior section of cingulum, and the internal and external capsules showed an accuracy >80 % in distinguishing HIVNA from HIVCI.
Among four DTI parameters investigated in this study, increase in MD, AD, and RD were present throughout the spectrum of the disease while FA changes became significant only in cognitively impaired patients. In HIVNA group, increase in AD and RD due to pathological process are relatively small comparing to HIVCI group. In addition, simultaneous increase of AD and RD in the same region (Fig. 2) might cancel out the change in anisotropy measures and further contribute to the low sensitivity and specificity of FA for detecting WM injury associated with neurologically asymptomatic stage.
Overall, it appears that changes in radial diffusivity are more prominent than axial diffusivity. Based on studies in animal models (Song et al. 2002; MacDonald et al. 2007 ), increased RD is a marker for demyelination. Therefore, our findings would imply that the inflammatory insult to the white matter is predominantly demyelinating while axonal injury co-occurs but to a lesser degree.
However, in the transition to cognitive impairment there is a clearly trend of increase in AD within more WM structures ( Fig. 2 and Table 2 ). This finding is consistent with two previous DTI studies (Chen et al. 2009; Pfefferbaum et al. 2009 ) and suggests the presence of axonal injury as similar results in chronic WM injury have been reported in neurodegenerative disease where neurons are the primary target including Alzheimer's disease (Agosta et al. 2011 ), Huntington's disease (Rosas et al. 2010) , amyotrophic lateral sclerosis (Metwalli et al. 2010) , and Friedreich's ataxia (Della Nave et al. 2011) . Therefore, the increase of Tables 2 and 5 AD seen in HIV infection and other neurodegenerative disorders is likely the result of a chronic injury, which is in contrast to decreased AD seen in acute injury as shown in studies of rat model with experimentally induced transient retinal ischemia (Sun et al. 2006) or central contusions from controlled cortical impacts (MacDonald et al. 2007) . Given that most clinical DTI scans (including this study) use a relatively low b value around 1,000 s/mm 2 , the diffusion process measured are thought to come primarily from extracellular space rather than within axons (Le Bihan et al. 2001) . Any changes of the interstitial space between axons due to pathological processes directly affect AD value. 
For each WM structures in the table, the extent of significant correlation was quantified by the percentage value between the number of skeleton voxels with significant correlation within each structure and the total number of skeleton voxels of each structure, with a mathematical definition similar to Eq. 1. For each WM structure, WM fiber pathways listed in the table follow the descending order according to the percentage of significant correlation voxels that belong to a specific WM tract b Abbreviations for fiber pathways (the same abbreviations are used for Table 5 as well as Fig. 3 ): callosal fibers-fp-mi forceps minor, fp-ma forceps major; association fibers-cin-cg cingulum at the cingulate gyrus, cin-hp cingulum at the hippocampus, slf superior longitudinal fasciculus, slf-tp superior longitudinal fasciculus at the temporal lobe, ifof inferior fronto-occipital fasciculus, ilf inferior longitudinal fasciculus, unc uncinate fasciculus; projection fibers-cst corticospinal tract, atr anterior thalamic radiation c NA indicates there are no significant correlation between FA/MD value and the duration of HIV infection at a specific WM structure Reduced axon density or caliber will increase the interstitial space and subsequently increases AD values. In this regard, Thompson et al. (2006) found significant ventricular expansion and callosal thinning in HIV-infected individuals. Their study also showed that callosal thinning in anterior regions significantly correlated with a decline immune system as measured by CD4+ T-cell count. Therefore, the increased AD observed in HIV infection and other neurodegenerative disorders may represent increased extracellular water content secondary to atrophy (Rosas et al. 2010; Agosta et al. 2011) . We also investigated the relationship between DTI parameters and several clinical and laboratory variables including CD4+ T-cell count, plasma HIV RNA, and duration of HIV infection and CPE scores. We found no significant correlation between DTI parameters and CD4+ T-cell count (both nadir and current). These findings may be due to the study design. By inclusion criteria, the spread of nadir CD4 count was relatively small and there was a high percentage of patients achieving a current CD4+ T-cell count >200 cells/mm 3 . Patients were on stable cART, and most had undetectable or minimally detectable viral load. Similar argument can be made for the lack of correlation with plasma HIV RNA.
We found significant correlations between duration of HIV infection and DTI parameters in several WM structures. This is in part to be expected as the longer the duration of HIV infection, the more opportunity there is for CNS injury. Among these WM structures, involvement of the corpus callosum is of particular interest. As the largest WM connectivity structure in the brain, the corpus callosum is involved in most cognitive processes. Several lines of evidence including morphology (Thompson et al. 2006 ) and histopathological studies (Gray et al. 1992; Wohlschlaeger et al. 2009 ) in addition to DTI have all pointed to WM damages in the corpus callosum of HIV infected individuals.
The significant association between performance across several neurocognitive domains and tensor-derived parameters from multiple WM structures suggests that abnormalities of WM integrity have functional consequences. The observation of the functional associations between DTI changes and deficits in Speed of Information Processing in multiple WM structures in this study are consistent with the known literature on the neurocognitive effects of HIV infection (Parsons et al. 2006; Woods et al. 2009 ). It is also noteworthy that associations between information processing speed and DTI were evident across structurally and functionally divergent white matter systems. This is consistent with the fact that several other domains and therefore pathways may be contributing to deficits in information processing speed, including attention, visual perception, working memory, and praxis (Woods et al. 2009 ). This finding fits with what is known about the importance of cerebral WM for insuring optimal communication across brain areas. WM damage is associated with slowed cognitive processing across a range of disorders, including multiple sclerosis (Benedict and Zivadinov 2011) and small vessel vascular disease (Jokinen et al. 2011) . Our findings support that processing speed deficits may reflect diffuse WM involvement secondary to HIV infection.
In contrast, more selective pathways have been described in verbal fluency deficits. For example, the superior longitudinal fasciculus, the inferior longitudinal fasciculus, and the inferior fronto-occipital fasciculus in the left hemisphere, areas where we found associations between Verbal Fluency and DTI parameters, are essential parts of the language network (Duffau 2008) . A recent study combining observations from intra-operative brain stimulations and postsurgical MRI scans has shown that left inferior frontooccipital fasciculus, the fiber pathway connecting the posterior temporal lobe with the orbitofrontal lobe, plays an essential role in semantic processing, and the inferior longitudinal fasciculus, although not critical for language, also provides an indirect pathway related to verbal processing (Mandonnet et al. 2007 ). The splenium of the corpus callosum is another area where we found an association between Verbal Fluency and DTI parameters. In this regard, it is of interest that the RD of the temporal-callosal fiber pathway (part of the splenium of the corpus callosum) has been reported to be associated with phonological awareness (Dougherty et al. 2007) .
The study has several limitations that need to be considered. The three groups were of unequal sample size with the impaired group being the smallest. While the analyses conducted are of significance even without the inclusion of the impaired group, having this group, albeit small, gave us an opportunity to explore the relationship between clinical transition and DTI parameters. Another drawback is that our investigation was restricted to the WM space defined by the atlases in the FSL package, to identify potential CNS injuries with the white matter. Use of more detailed atlases would provide a more comprehensive representation of CNS injury.
The overall results of this study suggest that HIV-infected subjects with history of significant immune suppression and partial immune reconstitution have signs of CNS injury despite the lack of clinically manifested signs or symptoms. The unique spatial distribution of WM injury at different stages of HIV infection, as measured by DTI, may provide a useful marker to monitor HIV-associated CNS injury. The association between relevant clinical and functional disease variables and tensor-derived parameters observed in this study provide confirmation that DTI is a valuable biomarker to monitor HAND. A longitudinal follow-up is necessary to establish whether the WM changes observed are permanent, static, or progressive.
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